A new means of direct visualization of the early events ofviral infection by selective fluorescence labeling of viral proteins coupled with digital imaging microscopy is reported. The early phases of viral infection have great importance for understanding viral replication and pathogenesis. Vesicular stomatitis virus, the best-studied rhabdovirus, is composed of an RNA genome of negative sense, five viral proteins, and membrane lipids derived from the host cell. The glycoprotein ofvesicular stomatitis virus was labeled with fluorescein isothiocyanate, and the labeled virus was incubated with baby hamster kidney cells. After initiation of infection, the fluorescence of the labeled glycoprotein was first seen inside the cells in endocytic vesicles. The fluorescence progressively migrated to the nucleus of infected cells. After 1 h of infection, the virus glycoprotein was concentrated in the nucleus and could be recovered intact in a preparation of purified nuclei. These results suggest that uncoating of the viral RNA occurs close to the nuclear membrane, which would precede transcription of the leader RNA that enters the nucleus to shut off cellular RNA synthesis and DNA replication.
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Vesicular stomatitis virus (VSV), the prototype of the Rhabdoviridae, interferes with various metabolic functions in the host cell (1) . VSV is composed of an RNA genome of negative sense, five viral proteins, and membrane lipids derived from the host cell. The infectious component of VSV is the ribonucleoprotein core, where the RNA is tightly encased by the nucleocapsid protein, also associated with two minor proteins-L and NS. The VSV membrane contains two proteins: an integral glycoprotein (G protein) and a peripheral matrix protein that aligns in the inner surface of the virion membrane (2) .
Infection by VSV rapidly shuts off cellular RNA synthesis (3), as well as host-cell DNA replication (4) and protein synthesis (5, 6) . It has been suggested that the ability of the virus to inhibit cellular RNA synthesis depends on the first viral transcript, the leader RNA (7) (8) (9) (10) . The leader RNA first appears in the cytoplasm of infected cells, whence it rapidly migrates to the nucleus (11) . On the other hand, protein components of the virion may also play a role in shutting off synthesis of host cell macromolecules (12) .
Fluorescence digital imaging microscopy offers a direct means of following labeled viral proteins during the infection cycle. To study the early phase of viral infection, we have developed an approach to specifically label one of the protein components of the parental virus and to follow its fate. We show that VSV G protein labeled with fluorescein isothiocyanate (FITC) appears initially in endocytic vesicles and rapidly migrates to the nucleus of infected cells. On the other hand, when the virus has been inactivated by pressurization, labeled G protein is detected only at the cellular plasma membrane. In this paper, the great potential of selectively fluorescence labeling of viral proteins to follow the early events in virus infection is shown.
MATERIALS AND METHODS
Cell and Culture Medium. BHK21 cells were grown in monolayers at 37°C in a CO2 incubator using Dulbecco's Modified Eagle Medium (DMEM; Sigma) supplemented with 5% fetal bovine serum, 0.4% vitamins, and 1% nonessential amino acids and buffered with sodium bicarbonate.
Virus Propagation and Purification. VSV type Indiana was used in all experiments. Virus was propagated for 16 h on a roller apparatus at 37°C. After propagation, the supematant was cleared of cellular debris in a Sorvall centrifuge (4000 x g for 10 min). The supernatant was spun in a Beckman Ti45 rotor at 30,000 rpm for 2.5 h. The pellet was resuspended in 3E buffer (0.12 M Tris/0.06 M sodium acetate/3.0 mM EDTA, pH 7.4), layered onto a continuous 5-40% sucrose gradient (in 3E buffer), and spun for 1 h at 36,000 rpm in a Beckman SW-41 rotor. The virus band was collected and pelleted in a Beckman type 40 rotor (35,000 rpm for lh) and resuspended in 10 mM Tris (pH 7.6).
Viral stocks were kept at -700C.
Infectivity Assays. Infectivity was evaluated by plaque assay as described by Brown and Cartwright (13) . Confluent monolayers of BHK21 cells in 60-mm diameter dishes were infected with serial dilutions of VSV for 30 min at room temperature. After aspiration of the virus solution, 1% agarose in medium solution was added to each plate. The plates were left in a 37°C CO2 incubator for 24 h. After the agarose was peeled off the plates, the cells were stained with crystal violet and plaques were counted.
Virus Labeling. The purified viral sample (0.5 mg of protein per ml) was incubated at 20°C with 57 ,uM FITC (F-143; Molecular Probes) in 100 mM phosphate buffer (pH 8.0) for 2 h, with constant stirring. The sample was then dialyzed against 50 mM Tris-HCl buffer (pH 7.5) and kept at 4°C, protected from the light.
Isolation of Nuclei. Isolation of nuclei from infected and noninfected BHK21 cells in culture was carried out by modifying the method described by Nicotera et al. (14) for preparation of highly purified nuclei from rat liver. Fig. 2 . After these periods, both control and infected cells were perfectly adhered to the coverslips. (Fig. 2 A, D, G, and J). Morphological evidence indicates that VSV uptake occurs via clathrin-coated vesicles (21) . The virus is transported to lysosomes, where the low pH triggers a fusion reaction that ultimately leads to the transfer of the genome into the cytoplasm (16, 21) . We found that after 15 min of incubation of the cells with the virus, FITC fluorescence was detected in small vesicles close to the plasma membrane, probably endocytic vesicles (Fig. 2 D-F) . After 30 min of incubation, the fluorescent vesicles appeared more numerous and dispersed in the cytosol (Fig. 2 G-L) . No fluorescence was observed in uninfected cells (Fig. 2B and C) . The colored pictures show that the higher values of fluorescence intensity (yellow) occur inside the vesicles (Fig. 2 F, I, Fig. 3 . Both cells infected with unlabeled or labeled virus were still adhered to the coverslips after this period of incubation, although showing a granular pattern in nucleus (Fig. 3 A, D , and G). Control uninfected cells were adhered but lacked the granular pattern. No fluorescence image was obtained for cells infected with unlabeled virus (Fig. 3 B and C) . The most striking finding was the observation that, after 1 h of virus-cell incubation, all FITC fluorescence was detected in the region corresponding to the nucleus of infected cells (Fig. 3 D-I) . The experiments shown in Figs. 2 and 3 were highly reproducible.
To confirm migration of G protein to the nuclei of infected cells, nuclei were isolated and purified. Purified nuclei from infected and noninfected cells were observed in the fluorescence microscope (Fig. 4) . Both samples were incubated with EB, a fluorescent probe that intercalates into the DNA. EB fluorescence (red emission observed with 487914 filter set) was detected for nuclei isolated from infected and noninfected cells (Fig. 4 B and E) . The fluorescent area corresponds to the internal area of the isolated nuclei, revealing nuclear integrity. For the nuclei obtained from the cells infected with FITClabeled VSV, the green fluorescence of FITC overlapped the red fluorescence image of EB bound to DNA (Fig. 4 E and F) . Nuclei obtained from noninfected cells, incubated or not incubated with EB, did not exhibit fluorescence when observed with the filter for FITC (Fig. 4C) . These results add more evidence that a high concentration of FITC-labeled G protein is localized in the nuclear membrane or inside the nucleus as opposed to the perinuclear compartments. Nuclei of infected cells not incubated with EB presented a strong signal due to the green FITC fluorescence, and no red EB fluores-FIP. 3 The intensity scale is shown at the right. cence (Fig. 4 G-I) . The nuclei appear with low contrast in the transmitted light images (Fig. 4A, D, and G) . The spots around the edges of the nuclei are probably optical artifacts due to the immobilizing gel (see Materials and Methods). When the transmitted light images are superimposed on the fluorescence microscopy images, the regions corresponding to the spots around the nuclei have low fluorescence from both EB (intercalated into DNA) and FITC-labeled G protein (Fig. 4) .
We also checked whether fluorescein was still attached to intact G protein after 1 h of infection. Isolated nuclei from infected cells were disassembled by treatment with 1% SDS, and the resulting sample was injected into a size exclusion column equilibrated with 0.1% SDS. The elution was monitored by FITC fluorescence (excitation at 480 nm and emission at 520 nm) (Fig. 5) . A major fluorescent peak was detected at 10.4 min of elution, corresponding to the elution position of G protein (compare with Fig. 1 ). This result confirms that the fluorescence observed in the nuclei of infected cells is still attached to G protein, indicating that intact G protein really migrates to the nucleus 1 h after infection.
The migration of G protein to the cell nucleus described above occurs in the same time frame of the inhibition of cellular RNA synthesis (8) , as well as host-cell DNA replication (4) and protein synthesis (26) . It is generally accepted that VSV replicates normally in enucleated cells (27) . However, virus inhibition of host-cell macromolecular synthesis involves interaction of virus components with cell nucleus. Several data suggest that the inhibitor of cell RNA synthesis is the positive-strand leader RNA transcribed from 3'-end of the genome (2). In fact, in vitro transcription studies have shown that addition of VSV leader RNA can inhibit transcription by RNA polymerases II components in the infection cycle of VSV can be inferred from the experiments that showed that acid-induced fusion at the plasma membrane did not cause infection when VSV was incubated with MDCK cells (16, 21) . The aborted infection seems to arise from the fact that incoming nucleocapsids were trapped in the space between the plasma membrane and the underlying membrane cytoskeleton (16) , implying that endocytosis in many cell types may be essential for transporting viruses through obstacles into the central perinuclear area.
We have used hydrostatic pressure to study protein folding and assembly of multimeric proteins and viruses (28) , as well as to promote virus inactivation (15, 29, 30) . Pressure of 260 MPa reduced VSV infectivity more than five orders of magnitude (15) . Electron microscopy showed that the membrane of the pressurized VSV was preserved, presenting the spike pattern of the G protein unaltered (15) . After 3 h at 260 MPa, labeled VSV was completely inactivated (infectivity titer reduced to zero). While fluorescence of unpressurized labeled virus was detected in the nucleus of infected cells (Fig. 6 Proc. Natl. Acad. Sci. USA 93 (1996) I I the cell profile with almost no localized high intensity spots ( Fig. 6 E and F) . This is consistent with attachment to the surface membrane and absence of endocytosis. The cells infected with inactivated virus did not present the granular pattern in the nucleus (Fig. 6D) found for cells infected with unpressurized virus. VSV G protein is responsible for attaching the virus to the surface of host cells and for triggering virus-membrane fusion in the mildly acidic endosomal compartment after endocytic uptake (16) . Our results suggest that, although the inactivated virus recognizes its own receptor or another site of attachment on the plasma membrane, it cannot be internalized by endocytosis. In this view, pressurization might be causing irreversible structural changes in G protein, impairing its migration to nucleus. It is tempting to suggest that pressure incubation of VSV may lead to irreversible conformational changes in the G protein similar to those promoted by low pHs. The attachment of inactivated VSV to the cell without eliciting infection may be crucial to evoke immune response, which is an important finding in connection with our previous studies suggesting the use of hydrostatic pressure as a tool to produce antiviral vaccines (15, 29) . We cannot exclude the possibility that high pressure also affect important protein-RNA interactions in the nucleocapsid or the interaction between G and peripheral matrix proteins, which might be indispensable for nucleus migration and successful infection.
The high quantum yield of fluorescence probes plus the high sensitivity of charged coupled device cameras suggest that the imaging approach described here can be used to study the life cycle of several viruses. According to our data described here, we propose that the endocytic vesicles containing VSV, after fusion with a lisosome, migrates to the nucleus. Uncoating of viral RNA probably occurs close to the nuclear membrane, followed by transcription of the leader RNA, which enters the nucleus to shut off cellular RNA synthesis and DNA replication (10) . Inhibition of cellular RNA and DNA synthesis seems to be an important prerequisite for production of the viral proteins. To achieve production of abundant amounts of their proteins, viruses have evolved strategies that either confer competitive advantage to viral mRNAs or abolish the synthesis or translation of cellular mRNAs. Early perinuclear transcription of virus leader RNA would guarantee its high concentration close to the nuclear pores. Whether VSV G protein participates actively in the transfer of the leader RNA into the nucleus needs further investigation. The unique localization of labeled G protein in the nucleus (probably in the nucleus membrane) occurs before the accumulation of leader RNA inside the nucleus. Peak concentrations of leader RNA sequence are obtained in the nucleus only 2 h after infection (11) . Import and export of proteins and nucleic acids into and out of the nucleus are not passive events. Small RNA are selectively transported to the nuclei of Xenopus oocytes (31) . In uninfected cells, the nucleocytoplasmic traffic is bidirectional (32) , and the macromolecules are transported across the nuclear envelope by an active and selective process. If a VSV (+) RNA transcript has to enter the nucleus, it should be expected that uncoating occur close to the nucleus. The high concentration of VSV G protein in the nuclear membrane may also affect the transport of cellular messenger RNA from the nucleus into the cytosol, which would also ultimately cause shutoff of host protein synthesis.
Electrophysiological studies have revealed that the pHdependent viral membrane fusion with the endosome membrane is related to the opening of a protein pore connecting the two fusing bilayers (33) . The fusion is followed by the disassembly of the viral nucleocapsids. For influenza virus, the influx of protons into the virions is mediated by the M2 protein (34, 35) . Recent data suggest that in alphaviruses and rhabdoviruses (33) uncoating may occur by a similar mechanism. It is speculated that VSV G protein might contain the channel that mediates proton influx into the capsid. Whether the proton channel activity remains active after the fusion with the nuclear membrane needs further investigation. Antibodies that interact specifically with the acidmodified G protein cause neutralization of West Nile virus (36) and rabies virus (37) . Ifthe conformational change induced bypH (similar to the pressure) is irreversible, it is possible that the embedding of the altered G protein in the nuclear membrane has the additional function of preventing the assembly of progeny particles with altered G protein.
